Physiologically-relevant levels of sphingomyelin, but not GM1, induces a β-sheet-rich structure in the amyloid-β(1-42) monomer.
INTRODUCTION
Alzheimer's disease (AD) is a neurodegenerative disorder that primarily affects the elderly and is having a greater impact on societies across the globe as the overall life expectancy of humans continues to increase. 1 The exact cause of the neuronal death in AD has yet to be established, though it is widely accepted that the major contributing cause of neuronal death associated with Alzheimer's disease are toxic amyloid-β (Aβ) peptides. 2 The cleavage of the amyloid precursor protein by βand γ-secretases results in the formation of Aβ peptides that range between 39 and 43 residues in length, of which the toxicity of the 42-residue isoform, Aβ42, is the most acute. 3 The primary structure of Aβ42 is described in Figure 1 .The common structural feature of Aβ peptides is an N-terminal hydrophilic region from Asp1 to Lys16, a central hydrophobic core (CHC) from Leu17 to Ala21, a central hydrophilic region from Glu22 to Gly29 and a C-terminal hydrophobic core from Ala30 to Ala42. Moreover, in spite of its high affinity for divalent cations such as Zn 2+ and Cu 2+ , the exact physiological role of Aβ is not known, and interestingly, Aβ can be found in monomeric form in healthy individuals at all stages of life. Monomeric Aβ can aggregate into insoluble, relatively inert, rigid structures called fibrils, but also much more toxic, soluble structures of intermediate size, and varying shapes, which are called oligomers. 4, 5 Oligomers comprised mainly of Aβ42 isoform have been shown to be the most toxic. 6 Although there is a familial component to AD which suggests that elevated Aβ expression stimulates the formation of oligomers, there is evidence that suggests that factors other than expression levels causes Aβ to oligomerize. [7] [8] [9] It is thought by many that the aggregation of Aβ into toxic oligomers is triggered; however, this elusive trigger remains central to the understanding of Aβ toxicity, and to the possible development of an effective AD therapy.
A C C E P T E D M A N U S C R I P T Figure 1 . The primary structure of Aβ42, showing the acidic residues in red, the basic residues in blue, the hydrophobic residues in black, and the polar residues in green. The residues forming the metal binding region, the central hydrophobic core, the central polar region, and the C-terminal hydrophobic region are indicated. It is becoming increasingly evident that the plasma membrane of neurons plays a role in modulating Aβ aggregation. [10] [11] [12] Moreover, the aggregation of Aβ was shown to preferentially occur in rigid liquid-ordered phases that are comprised of sphingomyelin (SM) as well as cholesterol (CHOL), which was shown to promote the interaction of the Aβ monomer with the lipid bilayer. [13] [14] [15] [16] However, it is not known whether SM mediates Aβ aggregation through direct interactions or by altering the properties of the bilayer. The monosialotetrahexosylganglioside (GM1) has also been shown to mediate Aβ-membrane interactions, 17, 18 as well as both accelerate and inhibit Aβ aggregation. [19] [20] [21] [22] Developing a molecular understanding of how SM and GM1 affect the structure of Aβ could elucidate their role in promoting or inhibiting Aβ oligomerization.
Sphingomyelin is comprised of a phosphocholine head group, sphingosine as its backbone, and an additional fatty acid, which forms an amide bond to the amine group of sphingosine. Like sphingomyelin, GM1 also contains an amide bond between sphingosine and an additional fatty acid forms its second lipid tail; however the head group is comprised of two β-Dgalactoses, one N-acetyl β-D-galactosamine, one β-D-glucose, and one sialic acid. The bilayers in this study will also be comprised of the ubiquitous 1-palmitoyl-2-oleoyl-phosphocholine (POPC) and cholesterol. The structures of SM, GM1, cholesterol and POPC are shown in Figure 2 .
Comparing the effects of bilayers rich in SM and those containing GM1 with bilayers comprised primarily of POPC and cholesterol will help delineate how these lipids interact with and mediate the structure of the Aβ42 peptide. This study will use molecular dynamics (MD) simulations to directly compare how these lipids affect the secondary structure of Aβ42 and the regions of the peptide that are most relevant to Aβ oligomerization. MD simulations are an indispensable complement to experimental studies providing atomistic insight into the conformational dynamics and aggregation of Aβ. 23 MD simulation studies have examined the interactions between Aβ and model bilayers of zwitterionic dipalmitoylphosphatidylcholine (DPPC) lipids and anionic dioleoylphosphatidylserine
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(DOPS) lipids, 24, 25 and the mutual effects of monomeric [26] [27] [28] or oligomeric [29] [30] [31] Aβ pre-embedded into different lipid bilayers, The effect of membrane lipid composition on the release of preembedded Aβ and Aβ oligomerization has also been investigated. 14, 25, 32 In this study, the MD methodology will be employed to further elucidate the role of sphingomyelin and GM1 in Alzheimer's disease.
METHODS

Simulated systems
In this work, bilayers comprised of POPC, SM, GM1, and cholesterol were subjected to MD simulations in the absence and presence of Aβ42. The primary structure of Aβ42 and the chemical structure of all lipids are shown in Figures 1 and 2 
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Aβ42, sphingomyelin and the GM1 ganglioside Page 6 of 35   5%GM1  1  202  72  0  14  74  91  27121 maintain the neutral, physiological salinity of each system. Each system was simulated in a rectangular box, and the exact number of molecules contained in each system is listed in Table 1 .
Force field
The parameters of all molecules used in this study are compatible with the OPLS-AA force field. 33, 34 The original OPLS-AA parameters for cholesterol were used, and the TIP3P model was used for water. 35 
Simulation protocol
The LINCS algorithm 36 was employed to constrain the length of all bonds during the simulation to enable a 2 fs time step to be used. The isobaric-isothermal ensemble was used to keep the pressure constant at 1 bar, and scaled the box volume semi-isotropically using the Parrinello-Rahman barostat. 37 The temperature of the simulation was set to 310 K and maintained as such by using the Nosé-Hoover thermostat, with the peptide, solvent, and lipids controlled independently. 38, 39 The list of non-bonded atom pairs were updated every ten simulation steps, and the Lennard-Jones interactions were cut-off at 1.0 nm. Dispersion correction was applied to both energy and pressure to reduce the dependencies on the cut-off length and to keep the model compatible with the OPLS-AA force-field. Periodic boundary conditions with the minimum-image convention were used. The electrostatic interactions were evaluated using the particle-mesh Ewald summation, 40 with an interpolation order of 6, a direct sum tolerance of 10 -5 , and a cut-off of 1.0 nm was used for the real-space calculations. Each bilayer was simulated for at least 400 ns before the peptide was added to each system. The coordinates of the Aβ42 peptide were taken from the final frame of a previously unpublished simulation of 1 ms in water, using the same force field and solvent as was used in the current study. The Aβ42 peptide was placed approximately 5 nm above
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Aβ42, sphingomyelin and the GM1 ganglioside Page 7 of 35 the bilayer, as defined by the average position of the phosphorus atoms of the top leaflet. The initial secondary structure of Aβ42 was turn, except for random coil at Asp1, Ala2 and from Glu23 to Ser26, 3 10 helix from Glu11 to Leu17, and anti-parallel β-sheet at the C-terminus from Gly33 to Ala42. All MD simulations were carried out with version 4.6.x of the GROMACS program package. [41] [42] [43] 
Analysis
Each Aβ42-membrane system was simulated for three runs of 400 ns each from the same starting configuration, but with each run commencing with distinct, randomized starting velocities. 200 ns of each trajectory was analyzed using the protocol outlined below, where the starting time of the 200-ns period depends on how well the peptide adsorbed to the bilayer in each run. The data for each of the three 200 ns periods for each system was used for the analysis and quantities averaged over these three runs are presented.
Bilayer Properties
The membrane thickness and area per lipid (APL) averaged over the simulation time were computed using the g_lomepro program. 44 This program employs a modified version of the GridMAT-MD algorithm to map specified reference atoms onto a grid. 45 The area occupied by each lipid is quantified by summing the area of all the cells of the grid assigned to the lipid of interest, whereas the bilayer thickness is calculated by computing the difference between grid elements in the top and bottom leaflets along the vector normal to the bilayer surface (the z-axis). The phosphate atom of both POPC and SM were used as reference atoms. The deuterium order parameter, S CD , provides information about the order of the acyl chains, which can be compared to values obtained from NMR experiments. 46 S CD , is defined as:
where θ i is the angle between a carbon-deuterium bond (the carbon-hydrogen bond in simulations)
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Aβ42 Structure
The define secondary structure program (DSSP) as implemented in the do_dssp program of GROMACS was used to assign the secondary structure to each residue of the Aβ42 peptide. 47 Due to their similarity and to facilitate a clear exposition of the data, the acquired β-strand and βbridge data was combined and labeled β-strand/bridge, and likewise the β-turn and bend were
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Aβ42, sphingomyelin and the GM1 ganglioside Page 9 of 35 considered as β-turn/bend. The same method that was used to compute the hydrogen bonds between Aβ42 and the lipids in the bilayers was employed to count the hydrogen bonds within the peptide backbone the backbone and side chains, and between the side chains. Representative Aβ42 structures were obtained with the g_cluster program using the method developed by Daura et al. 48 In this method, the RMSD of the Aβ42 backbone atoms of all pairs of structures (taken from the simulation frames) were calculated and grouped based on the cutoff distance, which in this case was set to 0.25 nm and were considered as 'neighbors'. The structure with the highest number of neighbors was considered as the central structure, and all structures within the cutoff of this structure were assigned to the same cluster. The algorithm removes this cluster of structures from the remaining structures and repeats the clustering process to generate groups of non-overlapping clusters of structures with one structure at its center. The conformation and membrane interactions of the central structures of the three largest clusters for each system were rendered using the VMD program, 49 showing the position of the phosphate atoms of the simulation frame and the lipids within 6 nm of the protein.
RESULTS
Each trajectory was visualized as a motion picture to evaluate how the peptide adhered to the membrane. In order to evaluate and compare the mutual effect of Aβ42 and each bilayer, it was necessary to choose time windows of equal duration in each simulation where the peptide remained in contact with the bilayer. Aβ42 remained in continuous contact with the each bilayer for at least 200 ns In the case of the 70%POPC and 5%GM1 trajectories the peptide adhered to the bilayer readily, therefore the last 200 ns of each run was selected. In the case of the third run of the 30%SM bilayer, Aβ42 lost contact with the bilayer after 300 ns, therefore the analysis period was between 80 ns and 280 ns. Thus, Aβ42 was in contact with each bilayer for the duration of each trajectory analysis time period.
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Effect of Aβ42 on Bilayer Properties
The following sections describe the properties of the three bilayers investigated in this study, 70%POPC (comprised of 70% POPC, and 30% CHOL), 30%SM (30% SM, 40% POPC, and 30% CHOL), and 5%GM1 (5% GM1, 70% POPC, and 25% CHOL).
Area Per Lipid and Bilayer Thickness
The area per lipid of the 70%POPC, 30%SM and 5%GM1 bilayers ranged from 0.64-0.78 nm 2 , 0.65-0.80 nm 2 , and 0.58-0.77 nm 2 , respectively. As shown in Figure 3 , each bilayer was undulated and contained regions with high and low APL values in relatively close proximity. Such undulations were not present in the bilayers before the addition of Aβ42, which suggests that the undulations were caused by interactions between peptide and bilayer. The APL values between leaflets were not correlated, which means that the higher APL values on one leaflet did not in every case correspond to lower (for a negative correlation) APL values on the same region of the lower leaflet. The ranges in thickness of the three bilayers were as follows: 70%POPC (4.34-4.56 nm), 30%SM (4.36-4.60 nm) and 5% GM1 (4.44-4.74 nm) and the bilayer thickness was less affected by the undulations than the APL values were. The temporal behavior of the bilayer thickness has been computed for each system and shown in Figure S1 . This demonstrated that the Aβ42 monomer did not affect the thickness of the bilayer during any of the simulation runs.
Order Parameter
As shown in Figure 4 , the sn-1 tail of POPC in the 70%POPC bilayer was the most ordered at C8 (0.328 S CD ), whereas the sn-2 tail was the most ordered at C5 (0.273 S CD ). There was a negligible difference between the order parameters when the peptide was greater than 0.6 nm from the lipids as when they were less than 0.6 nm. The order of the POPC tails increased by 0.02 S CD in the 30%SM bilayer. Moreover, the SM lipids were more ordered than the POPC lipids were in this bilayer. Conversely, the order of the POPC tails decreased in the 5%GM1 bilayer and in this bilayer the GM1 tails were more ordered than POPC tails were. In the 30%SM bilayer the tails of the lipids
Aβ42, sphingomyelin and the GM1 ganglioside Page 11 of 35 within 0.6 nm of Aβ42 were less ordered than those greater than 0.6 nm away from Aβ42, and the peptide disordered the POPC lipids more than it did SM lipids in this system. Aβ42 also disordered the POPC tails in the 5%GM1 bilayer, but this effect was less than that observed for POPC in the 30%SM bilayer. Aβ42 increased the order of the GM1 tails, but this effect was almost negligible.
3.2 Effect of Bilayer on Aβ42
Aβ42 Insertion Distance
In order to see how Aβ42 associates with the bilayers, we calculated the insertion In the 70%POPC and 5%GM1 bilayers the Asp1 residue is closest to the average position of the phosphate atom of the POPC lipid, which was used as a reference point, though it was approximately 0.5 nm above both bilayers. Similarly in both bilayers, the residues in the central polar region (Ser26 to Lys28) were the next closest. The central two residues at the center of the Cterminal hydrophobic region, Val36 and Gly37, were the furthest from the bilayer, followed by the residues at the central hydrophobic core (Leu17 to Ala21). The main difference between the 70%POPC and 5%GM1 bilayers is that the Aβ42 stays slightly closer to the 70%POPC membrane than it does to the 5%GM1 bilayer. Aβ42 stays further away from the 30%SM bilayer than it does from the 70%POPC and 5%GM1 bilayers, and this more pronounced at residues Ser26 to Lys28 in the central polar region. In the case of the 30%SM bilayer, the C-terminal segment of the C-
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Aβ42, sphingomyelin and the GM1 ganglioside Page 13 of 35 Figure 5 . The average insertion distance of each Aβ42 residue between Aβ42 and the 70%POPC (70% POPC, and 30% CHOL), 30%SM (30% SM, 40% POPC, and 30% CHOL), and 5%GM1 (5% GM1, 70% POPC, and 25% CHOL) bilayers.
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terminal hydrophobic region is the furthest from the bilayer instead of the central residues of this region as in the other two bilayers.
Aβ42 Contacts and Hydrogen Bonds with Bilayers
For obtaining a more detailed understanding which Aβ42 residues associated with the bilayers, we calculated the average number of contacts over the three runs between each residue and the different lipid types. On average, the N-terminal residues of Aβ42 made the most contacts with the 70%POPC bilayer ( Figure 6 ). In this region the most contacts were made with Asp1 (75.5 contacts) and Arg5 (45.8 contacts) and 25 to 45 contacts were made with the residues in between. In this region the next highest peak was at Tyr10, though very few contacts were made at Asp7 and Glu11. Fewer than 10 contacts were made between the 70%POPC bilayer and the central hydrophobic core, and similarly low numbers were obtained at the C-terminal hydrophobic region.
The contacts made in the central polar region generally increased from Glu22 (11.7 contacts) to Lys28 (44.9 contacts). Contacts were made with cholesterol only in the 70%POPC bilayer and only in one of the three runs at Asn27 (6 contacts) and Ser26 (2 contacts), but this data is not shown. This is because the hydroxyl group of cholesterol was below the phosphate atom of POPC, which largely prevented Aβ42 from making contacts with cholesterol. Conversely, almost no contacts were made between the central polar region of Aβ42 and the 30%SM bilayer, as shown in Figure 6 .
The majority of the contacts were made between the N-terminal region of Aβ42 and the 30%SM bilayer, although the distribution of the Aβ42 residues that made contact with the POPC lipids differed from the distribution of residues that made contacts with the SM lipids. Asp1 and Arg5 of Aβ42 made the most contacts with the 30%SM bilayer, but Arg5 made more contacts with the phosphocholine of sphingomyelin than that of the POPC lipids. In the 5%GM1 bilayer, the distribution of the Aβ42 residues that made contact with POPC was similar to that observed in the absence of GM1. There, a were made between the GM1 lipid and residues Asp1 to Phe4 of Aβ42. Less than five contacts were made between each of the remaining residues and GM1, but GM1 made contacts with more Aβ42 residues than POPC or SM did. (Table S1 ). GM1 showed a low hydrogen bond propensity (10% or less) with Aβ42 residues, however GM1 was the only lipid that formed hydrogen bonds with residues in the C-terminal hydrophobic and central hydrophobic regions of Aβ42.
Aβ42-bilayer Interaction Energies
Next, we analyzed whether the contacts between Aβ42 and the lipid bilayers were driven by electrostatic or Lennard-Jones (LJ) interactions. The strongest contributions to the Coulombic interaction energy (Figure 6 ) between the POPC residues in the 70%POPC bilayer were Asp1 at
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Aβ42, sphingomyelin and the GM1 ganglioside Page 17 of 35 -260 kJ·mol -1 , whereas the interaction strength was approximately half that value at the next strongest interacting residues, Arg5 and Lys28. The Coulombic energy between Aβ42 and POPC in the 30%SM bilayer was one-third the strength it was in the 70%POPC bilayer at Asp1 and threequarters the strength it was at Arg5, whereas it was close to zero between Asn27 and both the POPC and SM lipids in the 30%SM bilayer. The Coulombic energy between Asp1 and SM was also near zero in the 30%SM bilayer. In the 5%GM1 bilayer the distributions of the Coulombic energies between the Aβ42 residues and POPC lipids were similar to those in the 70%POPC bilayer but were lower in magnitude. Surprisingly, the magnitude of the attractive Coulombic interaction energies between the Aβ42 residues and the GM1 lipids were low, with no single residue averaging an interaction energy greater than 20 kJ·mol -1 .
The profile of the LJ interaction energies between Aβ42 and the lipids of each bilayer
were very similar to that of their respective contact map (Figure 6) . In the 70%POPC bilayer the strongest LJ interactions were between the POPC lipids and the metal binding region and central polar regions of Aβ42, particularly residues Ala2-Phe4, Tyr10, Asp23 and Asn27, which, with the exception of Tyr10 and Asp23, had LJ energies that averaged between -10 and -15 kJ·mol -1 . In the 30%SM bilayer, the interacting residues were similar except for those in the central polar region, Glu22 to Gly29, which had energies close to zero. The sum of the attractive interaction energies of both POPC and SM lipids with each of the remaining Aβ42 residues was less than the attractive interaction energies between the residues that interacted with the POPC lipids in the 70%POPC bilayer (both bilayers had the same number of phosphocholine head groups). Interestingly, for Arg5 the repulsive contributions to the Lennard-Jones potential were higher than the magnitude of the attractive van der Waals interactions, leading to positive interaction energies with POPC lipids in both bilayers but not with SM in the 30%SM bilayer. However, these positive values are more than compensated by the electrostatic attraction between Arg5 and POPC. The Aβ42 residues that
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interacted with POPC in the 5%GM1 bilayer were similar to those that interacted with POPC in the 70%POPC bilayer, however the respective magnitudes were slightly lower. As in the contact maps, the residues with the strongest LJ interactions were in the N-terminal region. The strength of the interactions with the remaining residues was quite low, at around -2 to -3 kJ·mol -1 .
Aβ42 Structural Properties
The following sections describe the structure of the Aβ42 peptide whilst interacting with each bilayer.
Aβ42 Secondary Structure Assignments
In the 70%POPC bilayer, residues Asp1 and Ala2 were always disordered, as shown in Figure 7 . Residues Glu3 to Tyr10 displayed a mixture of disorder and turn, residues Glu11 through Ala21 displayed a mixture of β-turn/bend and helix (with disorder from Glu11 to His13), residues
Glu22 to Ile33 displayed a mixture of disorder and β-turn/bend (with some β-strand/bridge),
whereas residues Gly33 to Ala42 were a mixture of random coil, β-strand/bridge, and β-turn/bend.
Apart from the helices, there were residues in these regions that were almost always (with a probability close to 1) assigned the same secondary structure. The most interesting structure was the prevalence of the β-strand/bridge of Met35 and Val40. In the helical region residues Glu11 to Leu17 were primarily α-helical, whereas residues Val18 to Glu22 were primarily 3 10 -helical. When interacting with the 30%SM bilayer the regions that were helical in the presence of 70%POPC were more β-turn/bend-like, and the β-turn/bend that centered on Gly25 in 70%POPC was converted to a random coil in 30%SM. Interestingly, only when Aβ42 interacted with the 30%SM bilayer a βstrand/bridge was observed at the N-terminus, with strong prominence at Arg5 (0.68 probability) and Tyr10 (0.78 probability). Similar to what was seen in 70%POPC, whilst interacting with the
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Aβ42, sphingomyelin and the GM1 ganglioside Page 19 of 35 Figure 7 . The secondary structure assignment of each Aβ42 residue in the presence of each the 70%POPC (70% POPC, and 30% CHOL), 30%SM (30% SM, 40% POPC, and 30% CHOL), and 5%GM1 (5% GM1, 70% POPC, and 25% CHOL) bilayers.
Aβ42, sphingomyelin and the GM1 ganglioside Page 20 of 35 GM1 bilayer the β-sheet at the N-terminus was a random coil and β-turn/bend, however the propensity of the β-sheet at the C-terminus was higher in 5%GM1 than it was in the other two bilayers. Apart from an increase in helicity in 5%GM1, the secondary structures in the remaining regions of Aβ42 were similar to what they were in the in the 70%POPC bilayer.
Aβ42 Intramolecular Hydrogen Bonds
Hydrogen bonds present within the peptide backbone, between backbone and peptide side chain, and between side chains that were present more than 40% of the time were recorded and tabulated in Table S1 . In 70%POPC backbone to backbone hydrogen bonds were present between Val18 and His14, Ala21, and Glu22. In the C-terminal region hydrogen bonds were present between Gly33 and Ile41, Val36 and Val39, and Ile41 and Leu34, which stabilized a β-sheet structure. Glu3 and Asp7 were the two main hydrogen bond acceptors whereas peptide bonds in the N-terminal region, such as the backbone of Phe4 and Arg5 and the side chain of Arg5, acted as donors. Almost all of the these hydrogen bonds were present in 30%SM and 5%GM1 bilayers, however these systems caused backbone to backbone hydrogen bonds to form between additional residue pairs, and within the Aβ42 backbone in particular. These additional bonds were between residues that either formed helices or β-sheets that were not fully formed, and such structures are discussed in the next section about the Most Prevalent Aβ42 Structures. Residues in the N-terminal region (Tyr10-Lys16) of Aβ42 did not form backbone to backbone hydrogen bonds in 70%POPC but did so in both 30%SM and 70%POPC. The hydrogen bonds involving Aβ42 side chains in the 30%SM and 5%GM1 bilayers were largely similar to the ones present when Aβ42 was in the 70%POPC bilayer, as shown in Table S1 . However there were additional side chain to side chain hydrogen bonds between Gln15 and Glu22 and Lys28 and Glu11 in the 5% GM1 bilayer.
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The Most Prevalent Aβ42 Structures at Each Bilayer
The three highest populated Aβ42 clusters found in the 70%POPC bilayer represented 9.5%, 8.0%, and 6.6% of all structures, respectively. The central structure in each cluster denoted as Structures 1-3 from the largest cluster to third-largest cluster, are shown in Figure 8 . From the Nterminus to C-terminus, the secondary structure of each structure alternated from random coil to turn, followed by a helical region, a turn region and an anti-parallel β-sheet (on either side of a turn)
at the C-terminus. The N terminus was embedded into the bilayer, as was a turn centered on Asn27, in each of the three most prevalent structures. However the N-terminus was the least embedded in backbone that seemed to support a β-sheet-like structure in this region. Only the N-terminus of Structure 2 is embedded into the 30%SM bilayer, whereas neither Asn27 nor any other residue embeds itself into the 30%SM bilayer in any of the three most prevalent Aβ42 structures, which has already been revealed by the contact map in Figure 6 . In the presence of 5%GM1 (Figure 10) , the three largest Aβ42 clusters represented 33.2%, 31.4%, and 11.1% of the total number of structures, which shows that GM1 even more strongly reduced the conformational flexibility of Aβ42 than SM did. Even though Aβ42 was within 0.6 nm of only two GM1 lipids in Structure 1 and within one
GM1
A C C E P T E D M A N U S C R I P T Figure 8 . The central Aβ42 structure of the three largest clusters in the 70%POPC bilayer (70% POPC, and 30% CHOL), where the largest to smallest cluster is shown from top to bottom. In each rendered image the Aβ42 peptide is coloured by secondary structure element, with turn shown in cyan, α-helix shown in blue, 3 10 -helix shown in purple, β-sheet shown in yellow, and random coil shown in white. The residues engaged in backbone to backbone hydrogen bonds (from Table S1 ) are shown in grey. The phosphate atom of each POPC lipid is shown as a tan sphere, whereas the lipids within 0.6 nm of Aβ42 are shown in a tan-coloured, licorice representation.
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Aβ42, sphingomyelin and the GM1 ganglioside Page 23 of 35 A C C E P T E D M A N U S C R I P T Figure 10 . The central Aβ42 structure of the three largest clusters in the 5%GM1 bilayer (5% GM1, 70% POPC, and 25% CHOL), where the largest to smallest cluster is shown from top to bottom. In each rendered image GM1 is shown colored by atom, with carbon coloured in cyan, oxygen in red, and nitrogen in blue. See Figure 8 for an explanation of the other colouring.
DISCUSSION
Sphingomyelin Affects Aβ42 Conformation by Changing the Bilayer Properties
The lack of correlation of the APL values between the leaflets (where higher APL values on one leaflet correspond to lower APL values on the other leaflet), 50 as well as the lack of correlation between bilayer thickness and APL (where lower thickness values in one region correspond to higher APL values in the same region) suggests that Aβ42 had an effect on the bilayer structures. The effect of the Aβ42 on the order parameter was small, as shown by the order parameter values determined for the lipids within 0.6 nm of Aβ42 and those beyond 0.6 nm of Aβ42 (Figure 4) . The insertion and contact data indicated that Aβ42 almost exclusively interacted with the phosphatidylcholine head groups, with almost no contacts made with cholesterol, which lay lower beneath the phosphate groups. Interestingly, the interaction of Aβ42 with the phosphatidylcholine head group of POPC had almost no effect on the order of the acyl chains of POPC, while on the other hand, interactions between Aβ42 and SM disordered the acyl chains of SM. This effect was also observed in GM1 to a lesser degree. The interactions between Aβ42 and the bilayers occurred preferentially at the N-terminus (Asp1) and at a turn which centered on Asn27, which also involved Ser26 and Lys28. As shown in the most prominent structures and the average insertion distance (Figure 5) , these residues more strongly inserted into the bilayers in the order of 70%POPC > 5%GM1 > 30%SM.
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The observation that Aβ42 disorders the lipids in the 30%SM and (to a lesser degree) those in 5%GM1 can perhaps be attributed to the rigidity of the ceramide-containing SM and GM1 lipids. Ceramides contain an amide group, a free hydroxyl on C3, and a double bond between C4 and C5. The amide N-H and hydroxyl group can act as both hydrogen bond donors and acceptors, whereas the amide oxygen can also act as a hydrogen bond acceptor. On the other hand, the ester carbonyls in POPC can only act as donors. 51 These hydrogen bonds increase the rigidity of the lipids and consequently the bilayers the lipids comprise. POPC remains quite fluid, and the movement of the head group facilitates interactions between lipid and peptide with little to no effect on the order of the POPC lipid tails. Comparatively, SM is more rigid, with its phosphatidylcholine forming fewer hydrogen bonding interactions with Aβ42 ( Figure S2) . The effects of Aβ42 binding are transferred along the more rigid SM, both disordering the SM lipid tails and affecting the POPC tails in 30%SM by direct contact. The effect of the increased rigidity of the bilayers comprised of increasing amount of sphingosine-containing lipids, on the peptide-bilayer interactions are discussed below.
Changing Bilayer Properties Affect Peptide-Bilayer Contacts and Interaction Energies
The effect of the bilayer type on their interactions with Asp1, and Ser26, Asn27, and
Lys28 are also shown quantitatively in the peptide-bilayer contacts, as contacts between the lipids in each respective bilayer and the Aβ42 residues at the N-terminus and near Asn27 are formed in the order of 70%POPC > 5%GM1 > 30%SM. Figure S2 demonstrated that these contacts were driven by the hydrogen bonds that formed between amino acid residues and lipids. It is in the hydrogen bonding interactions that the differences between the lipids in the bilayers are the most telling. A hydrogen bonding propensity of near 40% between residues Ser26, Asn27, and Lys28 and POPC in the 70%POPC bilayer is completely abolished in both POPC and SM in the 30%SM bilayer, and reduced to less than 10% and to only Ser26 in 5%GM1. Interestingly, this hydrogen between bilayers was also in that order, however they more resembled the distribution of the contacts.
Aβ42 made far fewer contacts, hydrogen bonds and had much weaker interactions with GM as compared to its interactions with the phosphatidylcholine head group of POPC and SM1. In spite of its much larger head group, at a lipid concentration of 5%, only seven GM1 lipids were present in each leaflet, compared to 202 PC head groups. Thus, the PC head groups created a much larger surface area for interactions with Aβ42. As shown in the representative structures in
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These relatively distant interactions, also supported by the sparse number of contacts, and low Aβ42-GM1 interaction energies, are possible reasons why the Aβ42-5%GM1 interactions had a minimal effect on the conformation of Aβ42 compared to the effect that the Aβ42-30%SM interactions did.
Altered Bilayer Properties Affect Aβ42 Secondary Structure
The secondary structure of Aβ42 had some similar secondary structure elements in each bilayer, particularly in the C-terminal β-sheet region (Gly33 to Ala42) and the helical central polar region (Val12 to Glu22). As evinced by the contacts, hydrogen bonding, and interaction energies, the conformation of Aβ42 in the N-terminal regions and central polar regions were affected by interactions with the bilayers. The strong interactions between Asn27 and the POPC lipids in the 70%POPC and 5%GM1 bilayers stabilized the formation of a turn, where, due to the lack of interactions with the SM bilayer these residues maintained a random coil. Moreover, at the Nterminus, Asp1 was able to form hydrogen bonds with POPC in the 70%POPC and the 5%GM1 bilayers but not so much with the 30%SM bilayer. This could be the reason why an N-terminal βsheet was able to form in the 30%SM bilayer, but not in the other two systems. This is a very interesting observation, given the toxicity of Aβ42 is related to a conformational change into a βsheet-rich state. 52 This β-sheet shown in the assignment of residue secondary structure plot in fibrils derived from NMR [53] [54] [55] [56] or cryo-EM 57 and oligomers reviewed by Nagel-Steger et al. 5 By fixing the N-terminus to the membrane, the other two bilayers still show potential for Aβ assembly by constraining the N-terminus, which is the most flexible region of the Aβ42 peptide.
Comparisons with other Studies
MD simulations complement other experimental approaches by providing an atomistic view of the system under investigation. In this study the specific interactions that affect how Aβ interacts with different bilayers affect its conformation in ways that could promote its formation into toxic oligomers. One limitation of the MD technique is the limitations on system size and system complexity. This could hamper the ability to study systems that would include mixtures of larger oligomers, and the effects on bilayer structures on a time scale that could induce pore formation. Nevertheless an atomistic description of the interactions between the Aβ42 monomer and three bilayer types is presented in this study. The secondary structure of Aβ peptide is known to be intrinsically disordered and to contain a mixture of secondary structures, both in experiment and simulations. 23, 53, 58, 59 The C-terminal β-sheet observed in this study has been proposed to be the nucleation site that promotes the aggregation of Aβ into β-sheet-rich structures. 60, 61 In this study Ile41 and Asp42 form the C-terminal β-sheet, which is not stable in the less aggregation-prone Aβ40 due to the absence of these residues. Experimental studies have shown that Aβ interacts strongly with bilayers comprised of the phosphatidylcholine head group, 62, 63 and that electrostatic forces yield the association of Aβ to phospholipid membranes. The results of our work highlight that this interaction is mediated by hydrogen bonds with Arg5, Lys28 and the positively charged Nterminus. This further supports the experimental findings that suggest that tight binding 62 to PCcontaining bilayers does not affect the secondary structure of Aβ at low peptide concentrations. 64, 65 At low concentrations (5 mM) Aβ has been shown to aggregate at the surface of domains rich in POPC, SM and cholesterol. 21, 66 Our results revealed how the rigidity of SM compared to that of
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Aβ42, sphingomyelin and the GM1 ganglioside Page 30 of 35 POPC reduces the interactions of Aβ42 with the bilayer surface, thus mediating its transition to a βsheet-enriched structure not observed in the other bilayers, including one that contained 5% GM1.
The physiological concentration of GM1 has been shown to be 2-4% of the total lipid content of neurons. Amaro et al. have proposed that low concentrations of GM1 facilitates the formation of βsheets within Aβ42 while at the same time inhibiting its aggregation. 21, 67 In our study the β-sheet content at the C-terminus of Aβ42 in the presence of 5%GM1 increased slightly, which may correspond to the increased β-sheet content shown by others, particularly at higher, but less physiologically relevant GM1 concentrations. 19 The disruption of membranes by Aβ has been described by a two-step mechanism, where Aβ oligomers first bind to the membrane to form ion permeable pores, before forming fibrils which concurrently disrupts the membrane via a detergentlike mechanism. 68, 69 This study is of the Aβ monomer, so these results do not yet support this hypothesis; however, rigid membranes containing SM could facilitate the conversion of Aβ peptides to a β-sheet-rich state whilst bound to the membrane surface. Subsequent studies on Aβ oligomers could further test this hypothesis.
CONCLUSIONS
The increased rigidity of the 30%SM bilayer (30% SM, 40% POPC 30% CHOL) and to a lesser degree 5%GM1 (5% GM1, 70% POPC, 25% CHOL) affected the interactions between Aβ42 and the respective bilayers. The insertion of the N-terminus (Asp1) and the central polar region (Ser26, Asp27 and Lys28) into the bilayers was hampered by the ceramide-containing SM in the 30%SM bilayer and GM1 in the 5%GM1 bilayer, resulting in fewer contacts, hydrogen bonds, and weaker interaction energies between Aβ42 and the respective bilayers. Particularly in 30%SM, the weaker bilayer interactions at the N-terminus of Aβ42 enabled an N-terminal β-sheet to form, with a peak β-sheet propensity observed at Arg5 and Tyr10. Interestingly mouse Aβ neither contains Arg5 nor Tyr10 (due to Arg5Gly and Tyr10Phe substitutions), does not form plaques, nor
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Aβ42, sphingomyelin and the GM1 ganglioside Page 31 of 35 do wild-type mice develop Alzheimer's disease. 70, 71 Hydrogen bonds with the side chain of Arg5 kept Aβ42 close to the bilayer, thus the N-terminal β-sheet in Aβ42 can be attributed to the increased rigidity of the bilayer due to the inclusion of 30% SM. 5% GM1 alone did not have this effect, thus the neuroprotective role of low concentrations of GM1 is supported by these results. 20, 72 The N-terminal residues of Aβ42 are typically disordered, and though these residues can form βsheets in fibrils, 53 this ceramide-mediated β-structure sheet is the first to be observed in the membrane-associated Aβ monomer. The results of this study shed new light on the role of ceramides in the membrane-mediated Aβ42 β-sheet enrichment responsible for the formation of toxic Aβ42 oligomers. Having identified how sphingomyelin affects the monomeric Aβ42 structure by increasing the rigidity of the bilayer, our plan is to determine this effect on the structure of Aβ42 oligomers.
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